The plant growth regulator abscisic acid (ABA) has multiple physiological effects during embryogenesis and seed formation.
recently demonstrated that, in maize (Zea mays L.), MnSOD (SOD-3) is encoded by a multigene family, and that each member of the maize MnSod multigene family is both spatially and developmentally regulated (Zhu and Scandalios, 1993) . Deduced amino acid sequences and import studies suggest that all of the maize SOD-3 proteins are mitochondria associated.
Physiological studies have demonstrated that the functional role(s) of SODs is to protect living cells against the deleterious effects of oxygen free radicals generated during normal cell metabolic activity or as a result of various exogenous environmental stresses (Scandalios, 1992 (Scandalios, , 1993 . Expression of the maize Sod3.1 gene in an oxygen-hypersensitive, MnSOD-deficient yeast rescues the mutant yeast under oxidative stress (Zhu and Scandalios, 1992) . The fungal photosensitizer toxin cercosporin, which produces free radicals in light, causes differential accumulation of MnSod transcripts in maize embryos (Williamson and Scandalios, 1992a) . Overexpression of plant SODs in transgenic tobacco renders the transgenic plants resistant to certain types of oxidative stress (Bowler et al., 1991; Sen Gupta et al., 1993) . Accumulation of MnSod transcript in tobacco is also stimulated by ethylene, salicylic acid, and Pseudomonas syringae infection (Bowler et al., 1989 ). Such findings demonstrate that SODs are important antioxidant enzymes in protecting cells from developmentally and environmentally induced oxidative stress.
The plant growth regulator ABA has pleiotropic physiological effects during plant growth and development. Developmental studies have shown that many ABA-responsive genes are specifically expressed late in embryogenesis in seeds of various plants (Skriver and Mundy, 1990 ). Some ABAresponsive genes can also be induced by high osmoticum (Mundy and Chua, 1988; Singh et al., 1989) . Physiological studies have shown that ABA increases in tissues under osmotic stress induced by NaC1, PEG, drymg, and cold (Skriver and Mundy, 1990) . The mechanisms of gene regulation in response to ABA and osmotic stress are unknown. It has been reported that activation of specific genes by ABA is controlled at the transcriptional (DeLisle and Crouch, 1989) , posttranscriptional (Williamson and Quatrano, 1988) , and posttranslational levels (Berge et al., 1989) . The maize Plant Physiol. Vol. 106, 1994 Sod3 multigene family is developmentally regulated, and individual Sod3 transcripts accumulate differentially during embryogenesis and germination (Zhu and Scandalios, 1993) . Accumulation of two Sod3 transcripts (Sod3.3 and Sod3.4) increases with increasing endogenous ABA during maize embryogenesis. Another antioxidant gene transcript, the maize Cat1 catalase gene, has been shown to accumulate in response to ABA (Williamson and Scandalios, 1992b) . It is known that ABA and the antioxidant SODS participate in plant resistance to some physiological stresses (Skriver and Mundy, 1990; Pastori and Trippi, 1993) . Even though the specific mechanism(s) of ABA action in plants is unknown, ABA is known to cause major developmental and metabolic changes in cells. Such physiological changes may be either the cause or the consequence of induced oxidative stress in vivo.
To study the physiological link between oxidative stress (or the function of the mitochondrial MnSODs in maize) and the action of. ABA, the effects of ABA and high osmoticum (obtained with 20% [w/v] SUC) on Sod3 gene expression were examined in maize embryos. The results in this report demonstrate that accumulation of at least three maize Sod3 transcripts is induced in the presence of ABA and high osmoticum. We also demonstrate that the differential expression of the maize sod3 genes in response to high osmoticum is ABA dependent in the up5 ABA-deficient embryos.
MATERIALS AND METHODS

Plant Materials and Embryo Culture
The maize inbred line W64A and up mutant line M1A4 (Vp5/up5; Y/y) were used for these studies. Mutant embryos of the maize vp5 mutant line M1A4 produce lowered amounts of ABA (about 25% of normal ABA levels) because of the interruption of de novo ABA biosynthesis in the mutant embryos (Robichaud et al., 1980) . Homozygous up5 recessive kemels ( v p 5 / v p 5 ) and wild-type siblings ( V p 5 / -) are identified on the basis of aleurone layer color. The homozygous mutant up5 kemels are white because of the absence of carotenoid pigment production, and the wild-type sibling kemels appear yellow. Embryos (scutella plus axes) were manually excised from 21-dpp kemels of field-grown W64A and M1A4 (wild type and mutant) embryos. The excised embryos from W64A kemels were incubated on MS plates or MS plates containing M ABA at 25OC in the dark for O, 1, 2, 4, 8, and 24 h. To examine the response of maize Sod3 genes to ABA in the ABA-deficient line MlA4, the embryos (both wild type and mutant) excised from lime M1A4 were incubated on MS plates at 25OC in the dark for 24 h in the presence or absence of M ABA. For experiments with high osmoticum, the embryos excised from 21-dpp kemels of the field-grown W64A and M1A4 (wild type and mutant) were incubated on MS plates containing 20% (w/v) SUC at 25OC in the dark for 24 h.
RNA Blot Analysis
Embryo axes were removed from the treated and untreated embryos, and the scutella (minus axes) were used for total RNA isolation by cold phenol extraction (Beachy et al., 1985) .
Total RNA (20 Mg) was separated by electrophoresis on denaturing 1.6% agarose gels and blotted onto nitrocellulose filters. The filters were then subjected to RNA blot analysis. Sod3 GSP used in this study were reported (Zhu and Scandalios, 1993) , and blots were sequentially probeid with GSP for Sod3.1, Sod3.2, Sod3.3, and Sod3.4, which were labeled at the 5' terminus with T4 polynucleotide kinase. Hybridization conditions were 5loC/40 h with 5 x SSC for Sod3.2, Sod3.3, and Sod3.4 and 59OC/40 h for Sod3.1. The filters hybridized with the probes for Sod3.2, Sod3.3, and Sod3.4 were washed three times with 0.1X SSC/O.l% SDS at 47OC for 20 min. The blots hybridized with the Sod3.1 probe were washed three times with 0.1X SSC/O.l% SDS at 5Cl0C for 20 min each. Quantification of the RNA blots was camed out with the UltroScan XL laser densitometer (LKB, Bromma 2222-002).
Western Blot Analysis and MnSOD Activity Assay
Proteins were extracted as described by Baum and Scandalios (1981) from scutella (minus axes) treated with ABA and high1 osmoticum (20% [w/v] SUC). Protein concentration was determined according to the method of Lowry et al. (1951) . The proteins (20 p g ) were separated in 11% SDSpolyacrylamide gels and electroblotted onto niirocellulose filters. The filters were incubated overnight with monospecific maize SOD-3 antibodies at room temperatun?, followed by a 1-h incubation with horseradish peroxidase conjugated to goat anti-rabbit IgG-specific antibody. The maize SOD-3 proteins were detected by the enhanced chemiluminescence westem blotting detection system (Amersham). For SOD enzymatic activity, protein samples (30 r g ) were separated on a nondenaturing 7.5% polyacrylamide gel at 4OC. The MnSOD activity was photochemically determined as described elsewhere (Baum and Scandalios, 1981) 
RESULTS
Accumulation of Multiple sod3 Transcripts in the Scutella of Developing Maize Embryos in the Presence and Absence of ABA
The effects of ABA on the accumulation of the various Sod3 transcripts in the scutella of developing maizi? embryos were investigated. The steady-state amounts of the Sods. 2 transcript in the embryos of 21-dpp kemels were no different in the presence or absence of ABA (Fig. la) . Sod3.2, Sod3.3, and Sod3.4 transcripts, however, increased in the presence of ABA (Fig. la) . Increased accumulation (2-fold) of Sod3.2, Sod3.3, and Sod3.4 transcripts was detected by 4 h (Fig. lb) , and 3-folds increase in both Sod3.3 and Sod3.4 transcripts were detected by 24 h in the presence of ABA (Fig;. lb) . We previously demonstrated that the sod3.3 gene is expressed in the embryo predominantly late in embryogenesis and that patterns of Sod3.3 gene expression have the characteristics of Lea genes (Galau et al., 1987) and coincide with the advent of desiccation. In this study, we show that the response of the Sod3.3 gene to ABA was also similar to Leu genes; accumulation of this transcript is a time-dependent increase in the presence of ABA. To study the putative role of ABA in the accumulation of maize Sod3 transcripts in developing maize embryos treated with high osmoticum, we examined the accumulation of Sod3 transcripts in response to ABA and high osmoticum in wildtype and vp5 mutant embryos of the ABA-deficient maize line Ml A4. Multiple Sod3 transcripts were also found in maize line M1A4, demonstrating that this phenomenon is not line specific. Accumulation of Sod3 transcripts in both wild-type and vp5 mutant embryos treated with ABA paralleled the ABA response of Sod3 gene expression in the embryos of maize line W64A. Levels of Sod3.1 transcript did not increase in either wild-type or vp5 mutant embryos treated with ABA and high osmoticum (Fig. 3) . Exogenous application of ABA resulted in increased accumulation (about 2.5-fold) of Sod3.2, Sod3.3, and Sod3.4 transcripts in both wild-type and ABAdeficient vp5 mutant embryos (Fig. 3, a and b) . Interestingly, increased accumulation of Sod3.2, Sod3.3, and Sod3.4 transcripts in response to high osmoticum was detected only in wild-type embryos (Fig. 3c) and not in the ABA-deficient vp5 mutant embryos (Fig. 3d) . Comparing the patterns of Sod3 gene expression in wild-type and vp5 mutant embryos in Figure 1 . Differential accumulation of maize MnSod (Sod3) transcripts in scutella of developing maize embryos in the presence and absence of ABA. Excised embryos (scutella plus axes) from 21-dpp kernels of inbred maize line W64A were incubated on MS plates in the presence (+) or absence (-) of 10"" M ABA at 25°C in the dark for 0, 1,4, and 24 h. Total RNA was isolated from scutella (embryo minus axes) of ABA-treated and untreated (control) embryos. Total RNA (20 Mg) was separated by electrophoresis on denaturing 1.6% agarose gels and transferred onto nitrocellulose filters, a, RNA blots; the same blot was sequentially hybridized with the Sod3 CSP for Sod3./, Sod3.2, Soc/3.3, and Soc/3.4. 18S rRNA was used as a control to demonstrate equal RNA loading and transfer, b, Quantification of the RNA blots. Results are representative of at least three independent experiments.
Accumulation of Sod3 Transcripts in W64A Maize Embryos Treated with High Osmoticum
Some ABA-responsive genes such as rab (Mundy and Chua, 1988) are also induced by osmotic stress (Skriver and Mundy, 1990) . Since ABA appears to mediate increased steady-state amounts of Sod3.2, Sod3.3, and Sod3.4 transcripts in scutella of developing maize embryos, accumulation of Sod3 transcripts in response to high osmoticum was also examined. Excised 21-dpp embryos were incubated on MS containing 20% (w/v) Sue for 24 h. High osmoticum did not elicit increased accumulation of the SodS.l transcript (Fig. 2) , whereas steady-state levels of Sod3.2, Sod3.3, and Sod3.4 transcripts were increased in the scutella of developing embryos in response to high osmoticum (Fig. 2) . These data, together with the effects of ABA on Sod3 gene expression,
Sod3.3 Figure 2 . Accumulation of Sod3 transcripts in the scutella of W64A embryos treated with high osmoticum. Excised embryos (scutella plus axes) from 21-dpp kernels of inbred maize line W64A were incubated on MS plates containing 20% (w/v) Sue at 25°C in the dark for 24 h. Total RNA (20 jjg) isolated from scutella (embryo minus axes) was separated by electrophoresis on denaturing 1.6% agarose gels and transferred onto nitrocellulose filters, a, RNA blots; the same blot was sequentially probed with the Sod3 CSP (Sod3. /, Sod3.2, Sod3.3, and Sod3.4 Figure 3 . Accumulation of 5oc/3 transcripts in scutella of wild-type and vp5 mutant embryos treated with ABA and high osmoticum. Wild-type (Vp5/-) and mutant (vp5/vp5) embryos (scutella plus axes) were dissected from 21-dpp kernels of the maize ABA-deficient line M1A4. Excised embryos were incubated on MS plates and MS plates supplemented with either ABA or 20% (w/v) Sue at 25°C for 24 h. Total RNAs were isolated from the scutella (embryo minus axes) of the treated and untreated embryos. RNA samples (20 /jg) were electrophoresed on denaturing 1.6% agarose gels and blotted onto nitrocellulose filters, a, RNA blots; the same blot was sequentially probed with the Soc/3 CSP as indicated (Sod3.7, Sod3.2, Soc/3.3, and 5od3.4). b, c, d, and e, Quantification of the RNA blots. Results are representative of at least three independent experiments. response to exogenous ABA and high osmoticum demonstrates that accumulation of the Sod3. 2, Sod3.3, and Sod3.4 transcripts in vp5 mutant embryos is induced by ABA and not directly by high osmoticum.
Influence of ABA on Protein Concentration and Enzymatic
Activity of Maize SOD-3 Isozymes
We have shown that the steady-state levels of three Sod3 transcripts increased in response to ABA in the scutella of maize developing embryos. We then examined the effects of ABA on SOD-3 protein content and MnSOD activity in the scutella of developing maize embryos. No differences were observed in SOD-3 protein levels (Fig. 4a) or enzymatic activity (Fig. 4b) between the scutella of maize W64A embryos treated with or without ABA. These results indicate that, although ABA increases the accumulation of the three Sod3 transcripts in scutella of developing embryos, ABA appears to have no effects on total SOD-3 protein concentrations or enzymatic activity.
DISCUSSION
The maize MnSods (Sod3) constitute a multigene family. The Sod3 genes exhibit differential spatial and developmental regulation during embryogenesis and germination (Zhu and Scandalios, 1993) . In this report, we show that the maize MnSod genes also respond differentially to ABA and high osmoticum. Of special interest is the finding that the differential accumulation of the Sod3 transcripts in the up5 mutant embryos is an ABA-dependent response and not the direct consequence of high osmoticum.
We have previously observed that the Sod3.2 gene is variably expressed in maize tissues and that the highest amounts of the Sod3.1 transcript are present in the scutella of postimbibition seedlings (Zhu and Scandalios, 1993) . In this study, we show that steady-state levels of Sod3.1 transcript are not influenced by ABA or high osmoticum. These data, together with the differential accumulation of the Sod3.1 transcript during normal development, suggest that the Sod3.1 gene responds to signals other than ABA during normal development in maize. Previous developmental studies have also shown that Sod3.2 transcripts remain fairly constant from 13 to 37 dpp and that accumulation of both Sod3.3 and Sod3.4 transcripts increases with increasing endogenous ABA during embryogenesis (Zhu and Scandalios, 1993) . Transcripts of many ABA-responsive genes are specifically accumulated late in embryogenesis in seeds of various plants (Skriver and Mundy, 1990 ). This study indicates that accumulation of Sod3.2, Sod3.3, and Sod3.4 transcripts is differentially regulated in response to ABA and high osmoticum. Total accumulation of Sod3.2 transcript was lower than that of either Sod3.3 or Sod3.4. Expression of Sod3.3 and Sod3.4 genes was noticeably increased by ABA and high osmoticum. The differential expression of the Sod3 genes in response to ABA and high osmoticum implies that the expression of these genes is controlled by unique mechanisms and that each of these genes has a specific role in coping with metabolically generated superoxide free radicals during seedling development.
It has been observed that endogenous ABA increases in response to high osmoticum (Zeevaart and Creelman, 1988) . Proposed models suggest that cells recognize osmotic stress as plasmalemma perturbations resulting from a loss of turgor pressure. This triggers an increase in cytosolic and apoplastic ABA by de novo biosynthesis and/or release of the ABA from chloroplasts. The increase in endogenous ABA induces specific changes in gene expression (e.g. rub genes in rice; Mundy and Chua, 1988) . In up5 ABA-deficient embryos, high osmoticum did not elicit an increase in the accumulation of any Sod3 transcripts. This presumably is because endogenous ABA cannot be increased by high osmoticum in the up5 mutant embryos because de novo ABA biosynthesis is deficient in the mutant embryos. Taken together, these data support the hypothesis that increased ABA, whether applied or synthesized de novo in response to developmental cues or osmotic stress, plays a key role in the accumulation of the Sod3 transcripts.
Interestingly, although ABA increases the accumulation of three Sod3 transcripts (Sod3. 2, Sod3.3, and Sod3.4) , total SOD-3 protein and MnSOD activity remain constant. A similar situation was also observed when excised maize embryos were treated with the fungal toxin cercosporin which produces both singlet oxygen and superoxide radicals in the presence of light (Williamson and Scandalios, 1992a) . It is thought that the superoxide radical is not diffusible across biological membranes, and accumulation of the free radical and products of its peroxidation of the lipid bilayer are highly and immediately toxic to the cell. Therefore, a high steadystate level of SOD-3 isozymes might be necessary at all times to provide adequate protection. It has been proposed that high levels of oxidative stress may result in high SOD protein tumover, requiring, in tum, new SOD isozyme synthesis to maintain amounts sufficient for effective protection (Williamson and Scandalios, 1992a) . Results from this study tend to support this hypothesis.
A number of genes regulated by ABA and/or high osmoticum have been cloned (see review by Skriver and Mundy, 1990) . Although many of these genes are known to be stress induced, the functional role(s) of only a few of the encoded proteins is known (Skriver and Mundy, 1990) . It has been previously shown that the genes encoding two of the stressrelated maize catalases are also differentially regulated by ABA (Williamson and Scandalios, 1992b) . The biological functions of SOD and CAT in protecting cells from physiologically and environmentally imposed stress have been reviewed (Scandalios, 1993) . It has also been reported that desiccation causes an increase in lipid peroxidation and generation of oxygen free radicals in maize (Leprince et al., 1990) . Loss of desiccation tolerance was shown to be associated with a decrease in SOD and peroxidase activities (Pastori and Trippi, 1993) . Our data support the hypothesis that the mitochondrial Mn-SODS are ABA-induced proteins required for plant cells to survive under environmental stress.
Little is known about the signal transduction pathways that transmit environmental signals to transcriptional regulators in plants during oxidative stress and ABA action. Recent evidence in animal systems suggests that a novel redox (reduction-oxidation) mechanism provides a general way for protein modification of transcription factor function in a fashion analogous to phosphorylation . It has been reported that the cytoplasmic or nuclear redox state influences the activation and DNA binding of transcription factors such as steroid receptors (Silva and Cidlowski, 1989) , transcription factor IIIC (Cromlish and Roeder, 1989) , and transcriptional activators AP-1 (Abate et al., 1990; Devary et al., 1991; and NFKB (Mihm et al., 1991; Schreck et al., 1991; SchulzeOsthoff et al., 1993) . A gene encoding the nuclear protein REF-1 recently has been cloned and was shown to mediate the redox control of AP-1 activator activity and other transcriptional activators (c-Fos, interleukin-6, and NFKB) . It has been reported that the cytotoxic and gene-inductive effects of tumor necrosis factor were abolished in human cells lacking a functional respiratory chain (Schulze-Osthoff et al., 1993) . These findings suggest that reactive oxygen intermediates are not only cytotoxic to living cells but also function as second messengers in signal transduction pathways during normal development and oxidative stress. The specific mechanism whereby ABA affects expression of the Sod3 genes is not known. A redox-activated expression of the tobacco cytosolic CulZnSod gene by GSH has been reported (Herouart et al., 1993) . Recently, a cDNA encoding an SA-binding protein was isolated (Chen et al., 1993) . The SA-binding protein shares a high degree of sequence homology with catalases and has catalase activity. Binding of SA to the catalase inhibits its enzymatic activity 
